INTRODUCTION
============

The nuclear envelope (NE) is built by a large, specialized membrane sheet of the endoplasmic reticulum (ER) that surrounds and protects chromatin. It consists of two closely juxtaposed membranes that contain large proteinaceous channels termed nuclear pore complexes (NPCs), which serve the selective nucleocytoplasmic exchange of macromolecules. In metazoan cells, an intermediate filament network, the nuclear lamina, is tightly associated with the inner nuclear membrane (INM) and provides mechanical support to the NE. The NE does not only function as protective barrier of the genome, but it also supports the organization of chromatin into spatially separated domains. Whereas actively transcribed gene loci are associated with NPCs, various proteins of the INM and nuclear lamins determine peripheral gene positioning and organization of heterochromatic regions in differentiated cells. NE--chromatin contacts play pivotal roles in the regulation of gene expression, and are important for the maintenance of genome integrity, development and differentiation ([@B35]; [@B43]; [@B23]; [@B56]; [@B57]).

During open mitosis in metazoans, the NE is dismantled in the process of NE breakdown (NEBD). NEBD is triggered by the activation of the master mitotic protein kinase CDK1/cyclinB ([@B8]). CDK1-mediated phosphorylation of nuclear lamins and nucleoporins is directly required for the disintegration of the nuclear lamina ([@B24]; [@B41]) and NPCs ([@B33]; [@B34]), respectively. Importantly, also the interactions of INM proteins with chromatin are broken in the course of mitotic prophase. As many INM proteins are retained in the nuclear interior by interaction with DNA and chromatin-associated factors in interphase ([@B55]), the dissolution of physical membrane protein--chromatin contacts must precede the progressive partitioning of INM proteins into the ER network ([@B14]; [@B60]). It is assumed that changes in posttranslational modifications of both chromatin-associated factors ([@B15]; [@B39]; [@B21]; [@B51]; [@B36]) and INM proteins ([@B9]; [@B16]; [@B12]; [@B13]; [@B28], [@B27]; [@B51]; [@B40]) that occur during mitotic entry contribute to breaking these intricate connections and facilitate membrane dissociation from chromatin. However, direct evidence that these posttranslational modifications are required for membrane removal from chromatin in living cells is lacking. The subsequent spatial separation of membranes from chromatin during prometaphase is aided by microtubule- (MT) dependent forces generated by the minus-end directed motor dynein ([@B3]; [@B44]; [@B37]; [@B25]; [@B4]; [@B52]). During late prometaphase and metaphase, the mitotic ER/NE network is largely excluded from the spindle area, which is further promoted by both an active exclusion mechanism involving the ER membrane proteins REEP3/4 ([@B47]) and the inhibition of ER-MT linker proteins ([@B58]; [@B48]).

Although INM proteins are known to be phosphorylated in their nucleoplasmic domains during mitosis ([@B9]; [@B16]; [@B12]; [@B13]; [@B28], [@B27]; [@B51]; [@B40]), it is neither established whether their phosphorylation directly contributes to membrane release from chromatin nor what would be the consequences of a failure in membrane removal from chromatin for mitotic progression. To assess the significance of breaking apart the physical contacts between INM proteins and chromatin during early mitosis, we set out to explore how persistent mitotic membrane--chromatin association affects mitosis of mammalian cells. We report that ER/NE membrane--chromatin contacts perturb mitotic chromatin organization, chromosome segregation and cell division as well as nuclear morphology of postmitotic cells.

RESULTS
=======

Tethering of NE/ER membranes to chromatin during mitosis impairs chromosome segregation and cell division
---------------------------------------------------------------------------------------------------------

To date, the release of membranes from chromatin during mitotic entry cannot be specifically inhibited. Mutations in INM proteins impairing membrane protein--chromatin dissociation have not been identified. Further, factors like mitotic protein kinases expected to support the dissociation of membrane proteins from chromatin (e.g., CDK1) perform other important mitotic functions. Thus, conventional loss of function experiments would result in pleiotropic defects. To overcome these issues, we exploited a membrane--chromatin tethering approach to prevent the release of membranes from chromatin during mitotic entry. Our membrane--chromatin tethering system ([Figure 1A](#F1){ref-type="fig"}) relies on the rapamycin-dependent interaction between FRB and FKBP attached to a tetracycline-inducible ER membrane protein referred to as the membrane--chromatin tether (MCT) and the core histone H2B, respectively ([@B54]). For visualization, the two modules of the tethering system also contain fluorescent protein tags, that is, an EGFP on the MCT and mPlum on H2B. When the two components were expressed together in HeLa cells (MCT/H2B\* cells), the MCT was localized throughout the ER/NE network in the absence of rapamycin. On addition of rapamycin, the MCT accumulated at the NE ([Figure 1B](#F1){ref-type="fig"}, left). NE accumulation of the reporter occurs with very fast kinetics, displaying a half-time of NE enrichment of less than 10 min, as previously determined ([@B54]). Notably, we had used this system before to study protein targeting to the INM and demonstrated that NE accumulation of the EGFP-tagged MCT reflects its INM localization ([@B54]).

![Tethering of ER membranes to mitotic chromatin impairs chromosome segregation and cell division. (A) Scheme of the chromatin-ER membrane tethering system. FRB-WALP17-EGFP (membrane--chromatin tether, MCT); H2B-mPlum-FKBP (chromatin anchor, H2B\*). (B) Flowchart of cell synchronization and drug treatment. Confocal images of interphase and mitotic MCT/H2B\* cells. The ER was stained for calreticulin (α-CRT). (C) Flowchart of the experimental setup for D. (D) Time-lapse confocal microscopy of synchronized MCT/H2B\* cells progressing through mitosis in the presence of DMSO or 200 nM rapamycin at the indicated times relative to anaphase onset. Quantification of anaphase DNA bridges (E), cytokinesis defects (F), and the time span between NEBD and anaphase onset (G) from time-lapse wide-field microscopy of synchronized MCT/H2B\* cells. Note that only 70--80% of all cells express MCT in the presence of tetracycline. Only GFP-positive cells were analyzed. *N* = 3; mean ± SEM; *n*, number of cells. Dashed lines represent spindle axes. \*\*\*\**p* \< 0.0001; ns, not significant. Bars, 10 μm.](mbc-30-427-g001){#F1}

To induce the interaction of the MCT with chromatin just before mitotic entry, MCT/H2B\* cells were arrested at the G1/S transition by thymidine, released into S phase concomitant with the tetracycline-induced expression of the MCT, and then, approximately one hour before cells started to enter mitosis, 200 nM rapamycin or a solvent control (dimethyl sulfoxide \[DMSO\]) was added. Cells were allowed to progress into mitosis, fixed, and analyzed by microscopy ([Figure 1B](#F1){ref-type="fig"}, right). In the presence of DMSO, both the MCT and the ER protein calreticulin were distributed throughout the mitotic ER network and excluded from the chromatin/spindle area. In contrast, in the presence of rapamycin, the MCT was strongly enriched on chromatin. Visualization of calreticulin confirmed that tethering of the MCT to H2B\* drives the recruitment of the ER network to chromatin, thereby validating that our tethering system enables temporal control over membrane--chromatin connections and mimics conditions of failure in membrane removal from chromatin.

Next, we analyzed the consequences of persistent mitotic MCT-chromatin interactions on mitotic progression and cell division by confocal live-cell microscopy ([Figure 1, C and D](#F1){ref-type="fig"}). Control cells progressed through mitosis properly and divided. In contrast, cells in which the ER/NE membrane network was tethered to chromatin displayed severe chromosome segregation defects, failures in cytokinesis and an aberrant, polylobed nuclear morphology after mitosis. Whereas chromosome congression and alignment at the metaphase plate were not majorly affected, chromatin adopted a characteristic rhomboid-shaped configuration in anaphase, apparently caused by defects in segregating chromosome arms, while the majority of kinetochores was successfully pulled apart (see also [Figure 4](#F4){ref-type="fig"} later in this article).

The observed defects were quantified by monitoring dividing MCT/H2B\* cells every 5 min using wide-field microscopy. Of MCT/H2B\*-expressing cells treated with rapamycin, 96% showed chromosome segregation defects ([Figure 1E](#F1){ref-type="fig"}), the large majority of which failed to undergo cytokinesis ([Figure 1F](#F1){ref-type="fig"}). Moreover, rapamycin-exposed MCT/H2B\* cells entered anaphase with a slight delay of ∼15 min compared with control conditions ([Figure 1G](#F1){ref-type="fig"}). Importantly, when the MCT was not expressed, cells progressed through mitosis properly and divided without obvious perturbations in the presence of 200 nM rapamycin, excluding that our regime of rapamycin exposure causes defects in chromatin segregation ([Figure 1, E--G](#F1){ref-type="fig"}). Taken together, these results demonstrate that a failure in breaking physical NE--chromatin interactions at mitotic entry induces strong defects in chromosome segregation and cytokinesis.

Persistent ER/NE--chromatin connections cause postmitotic aberrations of nuclear morphology
-------------------------------------------------------------------------------------------

To analyze how persistent membrane-chromatin contacts affect the mitotic localization of endogenous ER and NE proteins, MCT/H2B\* cells were released into mitosis, fixed and immunostained for the ER membrane protein calnexin (CNX), and the INM proteins SUN1 and LBR. CNX localized evenly throughout the mitotic ER network in both control and rapamycin-treated MCT/H2B\* cells, marking the chromatin-attached ER network in the latter ([Figure 2A](#F2){ref-type="fig"}). The partitioning of the INM proteins SUN1 and LBR from the INM into the mitotic ER network seemed unaffected, and like for CNX, a fraction of both factors localized to the chromatin-associated ER in rapamycin-treated MCT/H2B\* cells ([Figure 2, B and C](#F2){ref-type="fig"}). Strikingly, however, inspection of postmitotic cells revealed that nuclear morphology was severely perturbed ([Figures 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, and [1D](#F1){ref-type="fig"}). The NE of cells that had progressed through mitosis with persistent membrane-chromatin contacts appeared strongly polylobed, reflecting the irregular shape of the underlying chromatin mass ([Figures 1D](#F1){ref-type="fig"} and [2, B and C](#F2){ref-type="fig"}). We further noted that the staining of nucleoporins by the mAb414 antibody at the chromatin contours during telophase and early G1 was less accentuated than in control cells ([Figure 3A](#F3){ref-type="fig"}). Despite these shortcomings, nuclei were competent for nuclear import of a 3xCFP-IBB fusion protein, indicating that NE sealing and NPC assembly were not severely affected ([Figure 3B](#F3){ref-type="fig"}). Taken together, these data demonstrate that endogenous INM proteins are successfully released into the ER network in early mitosis despite the presence of the MCT. Yet cells with persistent membrane--chromatin contacts display chromosome segregation defects and an aberrant postmitotic nuclear morphology, indicative of defects in the relaxation of chromatin into its normal, ball-shaped interphase configuration.

![ER and NE membrane proteins are distributed throughout the mitotic ER in the presence of MCT-induced chromatin--membrane contacts. MCT/H2B\* cells were treated as outlined in [Figure 1B](#F1){ref-type="fig"}, immunostained using anti-calnexin (A), anti-SUN1 (B), and anti-LBR (C) antibodies, and analyzed by confocal microscopy. Chromatin configuration was used to assign cells to the indicated cell cycle stages. Dashed lines represent spindle axes. Bars, 10 μm.](mbc-30-427-g002){#F2}

![Persistent, MCT-induced chromatin--membrane contacts induce an aberrant postmitotic nuclear morphology but do not affect postmitotic NPC assembly. MCT/H2B\* cells were treated as in [Figure 1B](#F1){ref-type="fig"}. (A) Immunostaining of FG repeat Nups using the mAb414 antibody. (B) Analysis of MCT/H2B\*-3xCFP-IBB expressing cells. Dashed lines represent spindle axes. Bars, 10 μm.](mbc-30-427-g003){#F3}

Membrane--chromatin tethering impacts on mitotic chromatin organization but does not impair activation of the spindle assembly checkpoint
-----------------------------------------------------------------------------------------------------------------------------------------

The observed defects in chromosome segregation ([Figures 1](#F1){ref-type="fig"}[](#F2){ref-type="fig"}--[3](#F3){ref-type="fig"}) prompted us to investigate the integrity of the mitotic spindle in cells with membrane-tethered chromatin. The localization of microtubules and kinetochores was analyzed by immunofluorescence using α-tubulin and CREST antibodies, respectively. Remarkably, metaphase spindle microtubule morphology seemed normal, and kinetochores were aligned at the metaphase plate in both rapamycin- and DMSO-treated MCT/H2B\* cells ([Figure 4A](#F4){ref-type="fig"}). However, the morphology of membrane-associated chromatin was aberrant compared with control cells ([Figure 4B](#F4){ref-type="fig"}). Specifically, puffs of chromatin, likely emerging from chromosome arms, often dangled outside of the spindle in metaphase cells ([Figure 4, A and B](#F4){ref-type="fig"}). During sister chromatid segregation in anaphase, an entangled mass of chromatin decorated the circumference of the spindle midzone and failed to move poleward.

![Induced membrane-chromatin-contacts perturb the organization of mitotic chromatin. (A) Wide-field fluorescence microscopy of MCT/H2B\* cells treated as in [Figure 1B](#F1){ref-type="fig"}. Cells were stained for α-tubulin and kinetochores (CREST). Dashed lines represent spindle axes. (B) Representative wide-field fuorescent images of chromatin organization of DMSO- or rapamycin-treated MCT/H2B\* cells progressing through mitosis. Kinetochores were immunostained using the CREST antibody. (C) Quantification of the time span between NEBD and anaphase onset of MCT/H2B\* cells (as in [Figure 1G](#F1){ref-type="fig"}) treated with either control or MAD2 siRNAs for 48 h. *N* = 3; mean ± SEM; *n* = 150 per condition. Bottom, immunoblot analysis of MAD2 depletion. (D) Analysis of MCT/H2B\* cells with respect to mitotic chromatin structure. Flowchart of the cell synchronization protocol combined with drug treatment used for the generation of mitotic chromatin spreads (top). Representative confocal images of MeOH-fixed metaphase spreads from nocodazole-arrested MCT/H2B\* cells. Spreads were counterstained with Hoechst. The chromosome structure defects were classified into four categories, ranging from a classical thread-like shape ("no") to a disorganized amorphous cloud ("severe"). The quantification of each phenotype observed after the indicated treatment is shown in the bottom panel (*N* = 4; mean ± SEM; *n*, number of analyzed cells). Bars, 10 μm.](mbc-30-427-g004){#F4}

As a defective spindle assembly checkpoint (SAC) might induce chromosome segregation defects ([@B38]), we assessed its activity. In both rapamycin- and DMSO-treated MCT/H2B\* cells, down-regulation of the SAC factor MAD2 caused a precocious onset of anaphase as expected ([Figure 4C](#F4){ref-type="fig"}), demonstrating that the SAC is active in cells with persistent membrane--chromatin interaction. Thus, access of SAC factors to kinetochores seems not perturbed by persistent MCT contacts. Immunofluorescence analysis further confirmed that MAD2 localized to unattached kinetochores during (pro)metaphase and was released when cells had progressed into anaphase, demonstrating a normal SAC response (Supplemental Figure S1B). Inspection of membrane--chromatin contacts by confocal fluorescence microscopy indeed revealed that kinetochores were not fully covered by membranes (Supplemental Figure S1A). Consistent with the delay in anaphase onset of rapamycin-treated MCT/H2B\* cells, the number of MAD-positive dots in metaphase was slightly increased (Supplemental Figure S1C), indicative of some delay in proper microtubule attachment to kinetochores. We also observed a higher frequency of lagging kinetochores during anaphase, although the majority of kinetochores remained unaffected (Supplemental Figure S1D).

In light of the aberrant mitotic chromatin morphology, we analyzed mitotic chromosome spreads prepared from nocodazole-arrested MCT/H2B\* cells. These confirmed the structural disorganization of chromosomes from mitotic cells with persistent chromatin-membrane contacts, whereas chromosomes from control cells displayed the expected condensed, X-shaped morphology ([Figure 4D](#F4){ref-type="fig"} and Supplemental Figure S2). Note that chromatin association of key factors implicated in the condensation and singularization of mitotic chromosomes such as condensin I, condensin II, topoisomerase II, Ki-67, and chromokinesins ([@B45]; [@B32]; [@B5]; [@B6]; [@B10]; [@B42]; [@B19]; [@B59]) seemed unperturbed ([Figure 5](#F5){ref-type="fig"} and Supplemental Figure S3B), indicating that access of these factors to chromatin is not obviously inhibited by the MCT. Also the phosphorylation of histone H3 at Ser10 was normal (Supplemental Figure S3C). Thus, abundant membrane--chromatin contacts may interfere with the functionality of chromatin condensation factors or otherwise impair the maintenance of the condensed state. Notably, there was also no obvious sign of DNA damage (Supplemental Figure S3D). Taken together, membrane tethering to mitotic chromatin causes defects in mitotic chromatin organization and massive chromatin bridges during anaphase, whereas kinetochore functionality seems largely unaffected, as indicated by the efficient SAC response and the poleward movement of the bulk of kinetochores.

![Chromatin condensation factors can be efficiently loaded on mitotic chromatin in the presence of the MCT. Synchronized MCT/H2B\* cells were released into mitosis as outlined in [Figure 1B](#F1){ref-type="fig"}. Cells were treated with DMSO or rapamycin 8 h after release, fixed 2 h after the treatment, and immunostained using anti-SMC2 (A), anti-topoisomeraseII (B) and anti--Ki-67 (C) antibodies and analyzed by confocal microscopy. Chromatin configuration was used to assign cells to the indicated cell cycle stages. Dashed lines represent spindle axes. Bars, 10 μm.](mbc-30-427-g005){#F5}

Tethering ER/NE membranes to metaphase chromosomes does not impair their segregation
------------------------------------------------------------------------------------

To investigate whether the observed defects in chromosome segregation and nuclear morphology arise from membrane contacts in early or late mitosis, we compared cells in which membrane tethering was induced either before mitotic entry or only later, that is, during a metaphase arrest imposed by sequential treatment with monastrol and MG132 ([Figure 6](#F6){ref-type="fig"}). As expected, chromosomes in cells without MCT expression (solvent control DMSO) segregated successfully and cells divided with fully resolved chromosome arms, whereas membrane--chromatin tethering prior to mitotic entry (rapamycin) caused severe segregation defects. Strikingly, when MCT-mediated membrane tethering to chromatin was induced in metaphase-arrested cells (DMSO→rapamycin), only 1% of the cells displayed unresolved chromosome arms and failed to complete cytokinesis. Yet nuclei showed morphological defects after mitosis, that is, membrane invaginations into chromatin or a polylobed shape.

![Chromosome segregation and cell division are not affected when membrane--chromatin tethering is induced in metaphase. (A) Flowchart of experimental approach in B. Cells were fixed at the indicated time points (see arrowheads). (B) Confocal images of synchronized MCT/H2B\* cells fixed at the indicated time points. (C) Quantification of large DNA bridges in cells 1 h after release into anaphase. Note that all dividing cells regardless of MCT expression level were analyzed (without tetracycline: *N* = 2; mean ± SD; *n*, number of cells; with tetracycline: *N* = 4; mean ± SEM). Bars, 10 μm.](mbc-30-427-g006){#F6}

To exclude that the strong defects observed on tethering of membranes to chromatin during early mitosis are merely a byproduct of excessive expression of the MCT, we reduced its expression to a level similar to that of LAP2β (Supplemental Figure S4A), a well-characterized human INM protein present at ∼1.3 × 10^6^ molecules/HeLa cell ([@B30]). Even when expressed at low level, similar to that of a single INM protein, and at a 50-fold reduced rapamycin concentration, thereby weakening the retention of the MCT on chromatin ([@B54]), we still observed striking defects in mitotic chromatin organization, binucleation and nuclei displaying an aberrant morphology (Supplemental Figure S4, B and C).

Together, these findings indicate that detachment of membranes from chromatin during early mitosis is necessary to ensure accurate chromosome segregation and division. Further, the persistent presence or a precocious recruitment of membranes to chromatin affects nuclear morphology, suggesting that reconfiguration of chromatin into its interphase state and NE reformation during mitotic exit are usually well coordinated. Interestingly, similar, but less severe mitotic phenotypes have been previously observed on depletion of the ER proteins REEP3/4, which causes an invasion of ER membranes into the spindle and onto chromosomes, a slight increase in chromosome segregation defects, a reduced spatial separation of daughter nuclei and slight NE aberrations in postmitotic cells ([@B47]).

Defects in chromosome segregation are mimicked by soluble, bivalent chromatin binding proteins
----------------------------------------------------------------------------------------------

To unambiguously demonstrate that the persistent association of membranes with chromatin causes the observed chromosome segregation defects, we generated a derivative of the MCT lacking the transmembrane domain (MCTΔTM) ([Figure 7A](#F7){ref-type="fig"}). Although the soluble MCTΔTM protein was efficiently recruited to mitotic chromatin in MCTΔTM/H2B\* cells in the presence of rapamycin, anaphase chromosome segregation proceeded normally, without DNA bridges ([Figure 7B](#F7){ref-type="fig"}). These findings confirm that the tethering of ER/NE membranes to mitotic chromatin leads to the observed chromatin segregation errors.

![Membrane-induced chromatin segregation defects can be mimicked by soluble, bivalent chromatin-binding proteins. (A) Schematic comparison of the MCT and a soluble derivative lacking the transmembrane domain (MCT∆TM). (B) Synchronized MCT/H2B\* and MCT∆TM/H2B\* cells were released into mitosis as in [Figure 1B](#F1){ref-type="fig"}, fixed, stained for calreticulin, and analyzed by confocal microscopy. The number of dividing cells with large DNA bridges was quantified (*N* = 3; mean ± SEM; *n*, number of analyzed GFP-positive cells). (C) Depiction of chromatin cross-linking by the MCT and MCT∆TM-GST(-NLS). (D, E) MCT/H2B\*, MCTΔTM-GST/H2B\*, and MCTΔTM-GST-NLS/H2B\* cells were synchronized, treated with DMSO or 200 nM rapamycin before mitotic entry, and fixed in anaphase or after mitosis. (D) Confocal images of MCT/H2B\*, MCTΔTM-GST/H2B\* or MCTΔTM-GST-NLS/H2B\* anaphase cells. Relative GFP intensities of all analyzed cells (*N* = 3; mean ± SEM; *n*, total number of cells) and quantification of chromosome segregation defects. (E) Confocal images of MCT/H2B\*, MCTΔTM-GST/H2B\*, or MCTΔTM-GST-NLS/H2B\* after mitosis. The indicated postmitotic aberrations were quantified (*N* = 3; mean ± SEM; *n*, number of cells). CRT: calreticulin; rap: rapamycin. Dashed lines represent spindle axes. Bars, 10 μm.](mbc-30-427-g007){#F7}

There exist several, nonexclusive possibilities to explain why a failure in the removal of membranes from chromatin during mitotic entry perturbs mitotic chromatin organization and segregation. For example, membranes could exert a negative effect by their "biochemical" environment by exposing mitotic chromatin to membrane-associated enzymes like protein phosphatases. However, we did not detect changes in the mitotic phosphorylation status of histone H3 (Supplemental Figure S3C), although we cannot exclude that modification of other factors on chromatin is affected. However, membranes could also present a physical impediment. For instance, the tethered ER/NE membrane network might interfere with the accessibility of chromatin. Arguing against a general loss of accessibility, MAD2 bound to kinetochores on SAC activation (Supplemental Figure S1B), and the loading of chromatin condensation factors like condensin I, which binds chromatin during prometaphase ([@B29]; [@B18]), seemed unperturbed ([Figure 5](#F5){ref-type="fig"} and Supplemental Figure S3B). Alternatively, multisite attachment of chromosomes to membranes could cross-link chromatin to the surface of the ER/NE network such that the singularization and segregation of chromosomes is hampered.

To test whether cross-linking of chromatin can in principle contribute to the observed phenotypes, we generated a soluble variant of MCTΔTM forced into a dimeric configuration by fusion to GST (MCTΔTM-GST), potentially competent of cross-linking chromatin in cis or trans ([Figure 7C](#F7){ref-type="fig"}). Note that the GST fusion protein is too large to efficiently pass NPCs and to reach chromatin until NPCs are disassembled during NEBD (Supplemental Figure S5). Therefore, we also tested a derivative that can efficiently enter nuclei even before NEBD (MCTΔTM-GST-NLS). Strikingly, similar to MCT/H2B\*-expressing cells, both MCTΔTM-GST/H2B\* and MCTΔTM-GST-NLS/H2B\* cells displayed chromatin bridges during anaphase in the vast majority of cells ([Figure 7D](#F7){ref-type="fig"}), indicating that exposure of chromatin to a bivalent chromatin-binding protein during prometaphase is sufficient to perturb proper chromosome segregation. Interestingly, the analysis of mitotic chromatin spreads revealed that chromosome architecture differed between cells with the MCT membrane tether and the soluble, GST-based constructs. Chromatin of MCTΔTM-GST/H2B\* and MCTΔTM-GST-NLS/H2B\* cells in the presence of rapamycin appeared condensed, and chromosomes were clustered together compared with control conditions (Supplemental Figure S6). Thus, cross-linking of chromatin can cause chromatin bridges in the absence of obvious condensation defects.

Inspection of postmitotic MCTΔTM-GST/H2B\* and MCTΔTM-GST-NLS/H2B\* cells showed that many cells failed to undergo cytokinesis ([Figure 7E](#F7){ref-type="fig"}). However, compared with cells expressing the membrane tether, NE morphology was less severely affected and most nuclei adopted a normal interphase shape without obvious NE invaginations. Thus, cross-linking of chromatin by abundant bivalent tethers is sufficient to induce chromatin bridges in anaphase and cell division defects, reminiscent of the MCT. In contrast though, multivalent tethering of membranes to chromatin can additionally cause defects in chromatin compaction and induces stronger postmitotic NE aberrations.

DISCUSSION
==========

Cells that enter mitosis in the presence of persistent NE/ER membrane--chromatin contacts display drastic chromosome segregation defects, characterized by failures in separating chromosome arms during spindle elongation in anaphase. Whereas kinetochore capture during (pro)metaphase proceeds by-and-large normally and cells enter anaphase only with a slight delay, chromatin cannot be fully segregated, and puffs of chromatin stay associated with membranes, mostly at the circumference of the spindle midzone. In late anaphase and telophase, there are excessive DNA bridges, and cells display cytokinesis problems. Postmitotic nuclei display striking morphological alterations and appear polylobed. In contrast, when membranes are only tethered to chromatin later, during metaphase, chromosome segregation during anaphase is not perturbed. Also in this case, postmitotic nuclear morphology remains affected. Collectively, our results indicate that the removal of NE membranes from chromatin in early mitosis is required for faithful chromosome segregation.

But why would persistence of membrane--chromatin contacts during prometaphase obstruct proper chromosome segregation? Most likely, membranes physically impede the condensation, singularization, and segregation of chromosomes by multivalent cross-linking of chromatin. Although the loading of factors known to promote singularization and condensation of chromosomes such as condensins, topoisomerase II and Ki-67 onto chromatin seemed unaffected, we noticed chromosome condensation defects. In light of recent theoretical and experimental support for condensin-mediated chromatin loop extrusion as the basis for chromatin compaction in prometaphase ([@B20]; [@B19]; [@B59]), we assume that multivalent cross-linking of chromatin to membranes may impair condensin I-mediated chromatin compaction during prometaphase, perhaps by preventing the threading of chromatin fibers through condensin I rings. Failure in condensin I function is in turn expected to diminish chromatin decatenation by topoisomerase II ([@B2]; [@B1]; [@B42]), which would lead to persistent chromatin entanglements. Chromatin organization defects induced by persistent membrane--chromatin contacts were clearly apparent by the dumbbell-shaped organization of the metaphase plate, and cells progressed into anaphase in the presence of extensive chromatin bridges between the separating masses of chromosomes, explaining the cell division defect. In contrast, induction of membrane contacts to chromatin in cells during metaphase did not lead to chromosome segregation problems, likely because chromosomes had already been properly compacted, singularized and spatially positioned.

Interestingly, chromatin condensation defects have been noted in an early study investigating mitotic defects induced by expression of a lamin A/C mutant that prevents lamina disassembly ([@B24]). In light of our results obtained with the membrane-chromatin tether, it is possible that these similarities arise from the multivalent attachment of large structures incompatible with the action of chromatin condensation factors in both cases. Notably, soluble, GST-based bivalent chromatin cross-linking proteins induced anaphase chromatin bridges and cytokinesis failure in the absence of obvious chromosome compaction defects, highlighting that mere cross-linking of chromatin is sufficient to induce chromosome segregation errors and binucleation in the absence of large-scale chromosome compaction defects. The multivalency of membrane-chromatin contacts may exaggerate these cross-linking-based defects by additionally impairing both chromatin reorganization during mitosis and the pulling of chromosome arms, attached at multiple sites to the membranous cocoon formed by the mitotic ER, to the spindle poles.

So far, the mechanisms that promote the dissociation of INM proteins from chromatin during mitotic entry remain poorly characterized. In interphase, INM proteins may contact chromatin in different ways, that is, by direct binding of DNA ([@B53]), by binding of core chromatin factors like histones ([@B26]), or by association with peripheral chromatin components like the barrier-to-autointegration factor BAF ([@B7]). Of these, the mitotic modulation of the DNA-BAF-INM protein network is the best understood. The protein kinase VRK1 phosphorylates BAF in early mitosis, impairing its interaction with DNA and reducing its affinity to INM proteins of the LEM (Lap2β, emerin, Man1) domain family ([@B36]). Depletion of VRK1 from human somatic cells indeed inhibits BAF release from DNA during mitotic entry ([@B36]). However, metaphase chromosomes are devoid of membranes in VRK-depleted cells ([@B46]), highlighting that blocking BAF phosphorylation by VRK1 is insufficient to prevent the dissociation of LEM domain proteins. Mitotic modifications of LEM domain proteins may contribute in addition ([@B28], [@B27]). The example of the three-layered DNA-BAF-LEM protein network illustrates that changes on two interfaces (BAF-LEM and BAF-DNA) contribute to breaking NE-chromatin contacts in this case. Interestingly, loss of VRK1 causes severe chromosome segregation errors ([@B36]; [@B46]). In light of our findings, this could be explained by a cross-linking of DNA by BAF homodimers in a scenario similar to our soluble GST-based bivalent chromatin cross-linkers, or by a somewhat retarded release of LEM domain proteins and thus membranes from chromatin. Clearly, our work motivates a detailed future analysis of how the various interactions between INM proteins with DNA and histones are modulated during mitotic entry.

NEBD during open mitosis has been mainly considered a mechanism to disrupt the barrier between chromatin and microtubules to allow for spindle assembly. In this study, we demonstrated that the breakdown of the NE, and especially the disintegration of NE membrane protein--chromatin connections, has far more direct implications on the process of cell division than anticipated. This is not only relevant for open mitosis, as chromatin also dissociates from the NE in organisms with closed mitosis such as yeasts ([@B31]). Interestingly, it has been reported that NE attachment of chromatin constrains the topoisomerase II-dependent resolution of DNA intertwines in budding yeast ([@B50]). The dissociation of mitotic NE--chromatin contacts may thus be a universal requirement in eukaryotes to ensure proper chromosome disentanglement for cell division. If so, then the resolution of NE--chromatin contacts must be ensured to prevent binucleation, which can eventually promote genomic instability and tumorigenesis in mammals ([@B17]; [@B11]).

MATERIALS AND METHODS
=====================

Molecular cloning and cell lines
--------------------------------

The DNA plasmids encoding the MCT (HA-RRSR-TEV-FRB-WALP17-EGFP in pcDNA5-FRT/TO; Invitrogen) and H2B-FKBP-mPlum (in pIRES-puro2; Clontech) (H2B\*) have been described previously ([@B54]). A DNA fragment encoding 3xCFP-IBB ([@B54]) was subcloned into the pIRES-neo3 vector (Clontech) and used for random genome integration into the MCT/H2B\* HeLa cell line. To generate an MCTΔTM, a DNA fragment encoding HA-TEV-RRSR-FRB-EGFP was cloned into the *Eco*RV and *No*tI sites of the vector pcDNA5-FRT/TO. pcDNA5-FRT/TO-based plasmids encoding FRB-EGFP-GST and FRB-EGFP-GST-NLS(PKKKRKV) were generated by PCR amplification of the respective DNA fragments using MCT-pcDNA5-FRT/TO and pGEX-2T (GE Healthcare Life Sciences) as templates, followed by insertion in the *Afl*II/*Afl*II, *Eco*RV/*Not*I and *Not*I/*Apa*I sites of pcDNA5-FRT/TO, respectively. To generate tetracycline-inducible cell lines, pcDNA5-based constructs were stably integrated into HeLa FRT/TetR cells.

Cell culture and inhibitor treatments
-------------------------------------

HeLa cell lines were grown in DMEM containing 10% fetal calf serum and 100 μg/ml penicillin/streptomycin at 37°C with 5% CO~2~ in a humidified incubator. Transgenic cell lines were supplemented with 0.5 mg/ml G418, 1 μg/ml puromycin, and/or 0.3 mg/ml hygromycin. To synchronize HeLa cells in mitosis, cells were treated for 16--18 h with 3 mM thymidine (Sigma-Aldrich) and released from G1/S arrest for 10 h. To arrest cells in prometaphase, 100 ng/ml nocodazole (Sigma-Aldrich) was added 8 h after thymidine release for the indicated periods of time. To arrest cells in metaphase, cells were treated 8 h after thymidine release with 100 μM of the Eg5 inhibitor monastrol (Sigma-Aldrich) for 3 h, released, and treated with 10 μM MG132 (Sigma-Aldrich) for 2 h. Expression of the MCT and MCTΔTM constructs was generally induced with 200 ng/ml tetracycline (Invitrogen), unless indicated otherwise, after the release from G1/S arrest for 8--10 h. To avoid strong MCT overexpression during long experiments (i.e., live-cell imaging over 6--12 h, immunofluorescence analysis of postmitotic cells and chromatin spreads of cells treated with nocodazole for 20--24 h), tetracycline concentration was reduced to 5 ng/ml after the initial induction with 200 ng/ml tetracycline. To obtain comparable expression levels, MCT and MCTΔTM-GST(-NLS) expression was induced by addition of 5 and 10 ng/ml tetracycline, respectively, 16 h before the release from G1/S arrest. To induce chromatin-membrane tethering before mitotic entry, 200 nM rapamycin (Sigma-Aldrich) (or other concentrations as indicated in Supplemental Figure S4) was added to synchronized cells 8 h after thymidine release. To induce chromatin-membrane tethering during metaphase, 200 nM rapamycin was added to MG132-arrested cells. Live-cell imaging experiments were performed at 37°C with 5% CO~2~ in Lab-TekII chambers (Thermo Fisher Scientific), Ibidi chambers (Ibidi) or 96-well imaging plates (Greiner). All cell lines were tested negative for mycoplasma using PCR-based testing.

siRNA and plasmid transfections
-------------------------------

Plasmid and small interfering RNA (siRNA) transfections were performed using X-tremeGENE 9 (Roche) and INTERFERin (Polyplus) transfection reagents, respectively, according to the manufacturer's protocol. The following siRNA oligonucleotides were purchased from QIAGEN: Allstar negative control, siMAD2\#1 (CAGAAAGCTATCCAGGATGAA) and siMAD2\#2 (ATGGATATTTGTACTGTTTAA). Cells were treated with 20 nM siRNA oligonucleotides and imaged 48 h after siRNA transfection.

Immunofluorescence staining
---------------------------

Cells were grown on glass coverslips, washed with phosphate-buffered saline (PBS), fixed with 1 or 4% paraformaldehyde (in PBS) for 10 min, and permeabilized with 0.2% Triton X-100 in PBS for 5 min. After blocking with 2% bovine serum albumin (BSA) in PBS for at least 1 h, cells were incubated with primary antibodies, diluted in 2% BSA in PBS for 1 h at room temperature (RT) or overnight at 4°C, washed three times with PBS, and incubated with secondary antibodies in 2% BSA in PBS for 1 h at RT. After immunostaining, cells were washed with PBS and mounted on microscopic slides with VectaShield (VectorLabs) for microscopic analysis. The following primary antibodies were used in this study: anti-calnexin (Abcam, ab22595), anti-calreticulin (ThermoScientific, PA3-900), CREST (ImmunoVision, HCT0100), anti--Ki-67 (Abcam, ab16667), anti-KIF4 (Abcam, ab3815), anti-KIF22 (Abcam, ab222187), anti-LBR (abcam, ab32535), mAb414 (Abcam, ab24609), anti-MAD2 (Bethyl Laboratories, A300-301A), anti-topoisomeraseII (Abcam, ab109524), anti--α-tubulin (Sigma, T5168), and anti--γ-H2AX (Millipore, 05-636-l). The antibody against human SUN1 has been previously described ([@B49]). For secondary antibodies, Alexa Fluor--conjugated antibodies (goat, 1:300; Life Technologies) were used.

Mitotic spreads
---------------

Nocodazole-arrested cells were harvested by mitotic shake-off and mitotic chromatin spreads were performed as previously described ([@B22]). Spreads were counterstained with Hoechst, washed three times with PBS, and mounted on microscopic slides with VectaShield for microscopic analysis.

Image acquisition, live-cell imaging, and image analysis
--------------------------------------------------------

Confocal fluorescence images were acquired with either an upright LSM880 microscope (Zeiss) or an inverted SP2 AOBS (Leica). The LSM880 microscope is operated by the ZEN Black 2012 software and equipped with two standard fluorescent photomultiplier tube (PMT) detectors and a GaAsP detector. Experiments were performed with a 63 × 1.4NA, oil, DIC Plan-Apochromat objective ([Figures 1B](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, [4D](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}, and [7](#F7){ref-type="fig"} and Supplemental Figures S1A and S2--S6). The SP2 AOBS microscope is operated by the LCS software and equipped with three standard PMT detectors. Experiments were performed with a 63 × 1.4NA, oil, HCX Plan-Apochromat objective ([Figure 6](#F6){ref-type="fig"}). Wide-field fluorescence images were acquired with a DeltaVision microscope (Olympus IX71) connected to a Roper CoolSnap HQ camera (Photometrics). Image stacks (0.2-μm plane interval) were acquired with a 100 × 1.4NA DIC Oil PlanApo objective ([Figure 4, A and B](#F4){ref-type="fig"}, and Supplemental Figure S1B). The Linux-based DeltaVision Sofware SoftWorx (version 4.1.0) was used to operate the microscope and to perform deconvolution (three iterations) and maximum intensity projection of the image stacks.

We used two fully automated systems equipped with environmental control (37°C, 5% CO~2~) to perform live-cell imaging for 5--8 h; an ImageXpress microscope (Molecular Devices) for low-resolution widefield imaging ([Figure 4C](#F4){ref-type="fig"}) and an Eclipse T1 (Nikon) for low-resolution widefield imaging ([Figure 1, E--G](#F1){ref-type="fig"}) as well as high-resolution confocal imaging ([Figure 1D](#F1){ref-type="fig"} and Supplemental Movie S1). Low resolution, wide-field time-lapse imaging was performed with either an Eclipse T1 inverted microscope using a 20 × 0.75 CFI Plan Apo VC objective (Zeiss) or with the ImageXpress microscope (equipped with a Photometrics CoolSNAP HQ digital charge-­coupled device camera) using a Plan Fluor 10×, NA 0.3 air objective (Nikon). Fluorescent dyes were illuminated with LED lamps at low light intensity and single-plane images were acquired every 5 min. The ImageXpress system is operated by the MetaXpress 5 software and metamorph macros (PlateScan software package) developed in the laboratory of Daniel Gerlich (IMP, Vienna). High resolution, confocal live-cell imaging was performed with a spinning disk confocal microscope (UltraVIEW ERS; PerkinElmer) using a 60 × 1.4 CFI Plan Apo λ Oil objective (Zeiss) and a spinning disk with 50-µm pinhole size. This Nipkow spinning disk setup is equipped with the Yokogawa Confocal Scanner Unit CSU-W1-T2, two sCMOS cameras (Orca Flash 4.0 V2) and is operated by the VisiVIEW ("Metamorph") software. Image stacks (5 z slices, 2.5-μm plane interval) were acquired every 2 min.

###### Movie S1

**Time lapse microscopy of rapamycin-treated MCT/H2B\* cells**. Confocal time lapse microscopy of synchronized MCT/H2B\* cells treated with 200 nM rapamycin before mitotic entry as in Figure 1D. Note that in this polyclonal MCT/H2B\* cell line only about 70-80% of cells express the MCT. Bar: 10 μm.

Movie S1

Image analysis
--------------

Images were analyzed and processed using the FIJI software (ImageJ; National Institutes of Health). Mitotic duration was scored based on time-lapse microscopy by analyzing the time span between NEBD (defined by the onset of chromosome movements at the end of prophase) and anaphase onset (defined by the onset of sister chromatid separation). Movies were generated after performing maximal intensity projection of all z slices. MCT expression levels were determined based on the GFP intensity in confocal images of mitotic cells. Anti-calreticulin immunofluorescence signal was used to estimate cell size. Quantitative immunoblots were analyzed with ImageJ.

Statistical methods
-------------------

Unpaired two-tailed *t* tests were run on PRISM (6.0; GraphPad Software), and *p* values less than 0.001 are indicated by four asterisks (\*\*\*\**p* ≤ 0.0001), three asterisks (\*\*\**p* ≤ 0.001); *p* values less than 0.01 by two asterisks (\*\**p* ≤ 0.01); *p* values less than 0.05 by one asterisk (\**p* ≤ 0.05); and *p* values higher than 0.05 are marked as "not significant" (ns). Box plots show median, lower, and upper quartiles (line and box), 10th and 90th percentiles (whiskers). Scatter plots show the single data points together with the mean (line). Graphs were generated in PRISM.

Subcellular fractionation and immunoblotting
--------------------------------------------

Nocodazole-arrested, monoclonal MCT/H2B\* cells (with 90--100% MCT-expressing cells after tetracycline induction) were harvested by mitotic shake off and washed once with PBS. The cells were resuspended in 500 μl of lysis buffer (10 mM HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl~2~, 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol, 0.25% Triton X-100, protease inhibitor mix) and homogenized 15 times through a 27G needle, yielding a crude cell lysate (total cell lysate -- input). The chromatin fraction was collected by low-speed centrifugation at 1300 × *g* for 5 min. The chromatin pellet was washed twice with lysis buffer and resuspended in SDS--PAGE sample buffer (chromatin fraction). The supernatant was centrifuged at 16,000 × *g* for 20 min, yielding a cleared cytoplasmic fraction. Total cell lysate, cytoplasmic and chromatin fractions were analyzed by Western blotting (Supplemental Figure S3).

For Western blot analysis, whole-cell lysates (or subcellular fractions) were resuspended in SDS--PAGE sample buffer, separated on 8--15% SDS--PAGE gels and transferred onto a nitrocellulose membrane by semidry blotting, followed by Ponceau staining. For immunostaining, the following primary antibodies were used: anti--CAP-D2 and anti--CAP-D3 (Bethyl Laboratories, A300-601A and A300-604A), anti-H3S10p (Cell Signaling, 9701S), anti-MAD2 (Bethyl Laboratories, A300-301A) and anti--α-tubulin (Sigma, T5168), anti-SMC2 (abcam, ab10412) and anti--topoisomerase IIα (Millipore, MAB4197). The antibodies against GFP ([@B52]) and Nup53 ([@B34]) have been previously described. As secondary antibodies, rabbit anti-mouse or goat anti-rabbit horseradish peroxidase--conjugated antibodies (Sigma) were used. For quantitative analysis of immunoblots, a Fusion FX system (Vilber Lourmat) was used.

Supplementary Material
======================
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Click here for additional data file.
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